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THEIR APPLICATION TO THE SPACE MISSION I 
' s  usual  nu t r i -  
: 1 - a lack of space f o r  s torage of food, 
gat ion o f '  f l i g h t  t i m e  or delays i n  recovery necessi ta t ing 
an t  ca lo r i c  demand t o  maintain acute  mental 
I 1  
awarenbs without complications of hypoglycemia and ke tos i s ,  as w e l l  as 4 - 
t a t i o n a l  force during l i f t  of f  and 5 - weightlessness during 
invest igat ing the  e f f ec t  of d i e t s  t h a t  would provide calo- 
I I I 
, I  
ries endogenhsly and ye t  maintain an adequate concentration of c i r cu la t ing  
glucose t o  meet ,the requirements of t h e  cen t r a l  nervous system (CNS). T i s -  
sues other than The CNS u t i l i z e  e i t h e r  carbohydrate o r  fa t  t o  meet t h e i r  energy 
' I  I 
I 
i l  
I t  
demands. 
source of 
up wiThin 
I 
1 1  
F a t  being the  most concentrated form of energy would be t h e  energy 
choice f o r  space t r ave l .  
the  rat by feeding d i e t s  high i n  e i t h e r  fa t  o r  carbohydrate (Pre-  
We have shown t h a t  fa t  s to re s  can be b u i l t  
vious Progress ' 
consumed; wheA ne/eded. ; The f a t t y  acid content of these s to re s  developed from 
each dietary,regimen is no; t he  same, We have shown t h a t  the  fa t  of animals 
fed the  h igh i f a t  d i e t  r e f l e c t s  t h e  f a t t y  acid content of the  d i e t  while the  
o r t ,  Ju ly  1968), thereby providing a ca lo r i c  s t o r e  t o  be 
1 1  I l 
I 
I 
high carbohydrate contains the  f a t t y  acids  t h a t  are charac- 
I '  
j I 
l i p i d s  are ketog n i c  and cannot pro- 
a in i a in  normal CNS function. Because 
I 
I 
i n  t h e  form of glycogen, i n  the  body are small, 
us sources of energy must form, glucose from 
- 2- 
other compounds, mainly t h e  glucogenic amino ac ids ,  
s i t e  of t h i s  gluconeogenesis. 
The l i v e r  is t h e  major 
It has long been known t h a t  t h e  previous n u t r i t i o n a l  state of t h e  
animal can influence lipogenesis and glucose u t i l i z a t i o n  i n  adipose t i s s u e  
(1 - 3) and l i v e r  ( 4 )  and, a l s o ,  hepatic glucose formation ( 5  - 8) .  While 
these  earlier s tud ie s  were conducted after shor t  term feeding periods,  w e  
have shown\ t h a t  t he  enzymatic p r o f i l e  of adipose t i s s u e  and l i v e r  i s  st i l l  
d i f f e ren t  i n  animals fed d i f f e r e n t  d i e t s  f o r  a matter of months (Annual 
Progress Report, Ju ly ,  1968 ) a 
These differences i n  enzymatic a c t i v i t y  and body composition probably 
have grave implications on t h e  a b i l i t y  of t he  animal t o  survive a stress- 
f u l  s i t ua t ion .  For example, t h e  feeding of a d i e t  r i c h  i n  ava i lab le  car- 
bohydrate increases f a t t y  ac id  synthesis i n  l i v e r  (4) and adipose t i s s u e  
(1). Such d ie t a ry  treatment a l s o  increases the  a c t i v i t i e s  of many hepatic 
enzymes concerned with glucose u t i l i z a t i o n  (9)  and decreases the  a c t i v i t y  
of those concerned with gluconeogenesis (6 ,  7 ) .  These enzymatic changes 
could leave t h e  animal a t  a disadvantage for coping with a subsequent fas t .  
On t h e  o ther  hand, d i e t s  r i c h  i n  pro te in  t h a t  tend t o  increase t h e  r a t e  of glu- 
coneogenesis by t h e  l i v e r  (8)  might provide a more favorable enzymatic 
complement with which t o  en te r  t h e  fast. 
The differences i n  body composition r e su l t i ng  from t h e  previous d i e t  
could a l s o  be a f ac to r  i n  t h e  response t o  n u t r i t i o n a l  stress. The metabolic 
products of t i s s u e  components u t i l i z e d  during t h e  f a s t i n g  state f o r  example, 
would be qu i t e  d i f f e r e n t  i n  animals of d i f f e r ing  body composition. 
with a higher fat content might show a propensity f o r  ke tos i s  whereas those 
with less fa t  might tend t o  mobilize pro te in  as w e l l  as fa t ,  thereby simul- 
Those 
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I 
matic differences 
* I  
men compareh t o ,  1 1  
, ,  
t 
a c t i v i t y  of hepat 
~ 
t 
, confirm the :  p r  iousi I unique' f inding 
I 1 .  
occur i n  rats fed  two d i f fe ren t  d i e t s  f o r  a long period. 
h i  a c t i v i t y  of rats fed the  high carbohydrate d i e t ,  t he  
i I I 
$ 1  
I 
c glucose-6-P dehydrogenase , 6-P-gluconate dehydrogenase, 
t a l  hexokinase' were lower' i n '  rats fed a d i e t  containing 
c t i v i t i e s  of these  enzymes were measured i n  adipose 
rences were observed except t h a t  malic enz&e was much 
animals while the  t o t a l  hexokinase a c t i v i t y  was the 
I 
a ry  groups. 
p r o f i l e  exhibited i n  the  animals fed these two d i e t s  would 
I 
i nd ica te  t h a t  fdeQing fa t  decreases t h e  formation of f a t t y  acids i n  both 
l i v e r  and adipose t i s s u e ,  "Such an in t e rp re t a t ion  is  ver i f ied  by the  lower 
incorporation of acetate i n t o  f a t t y  acids  by the  t i s s u e s  of t he  fa t  fed 
rats than by those fed  d i e t  S (Present study and Previous Progress Report, 
1 I Ju ly ,  1968).1 1 1 
1 '  
: I 1  
! I  
I 
I 
The high pdotein d i e t  was added i n  the  current  series of experiments 
I 
t o  compLete; t he  'examination of d i e t s  each r i c h  i n  one of t he  bas ic  foodstuffs  
(Table I). , The ' ac t iv i ty  the  hepat ic  enzymes measured indicated l i t t l e  
a t i c  response t o  t h i s  d i e t  and t h a t  t o  the  
In cont ras t ,  t he  a c t i v i t y  of enzymes r e l a t ed  t o  
t h  dehydrogenases, citrate lyase,  and malic enzyme, were 
ssue of the protein fed  animals than the  acti- 
a t s  fed a d i e t  r i c h  i n  carbohydrate. 
rate increases t e l ipogenic capacity of adi-  
Clearly,  
1 )  
c t i v i t y  of t he  gluconeogendtic enzymes being 
-.6- 
measured i n  t h e  present study, pyruvate carboxylase and pyruvate carboxy- 
kinase, are not  su f f i c i en t  t o  ind ica te  de f in i t e  t rends.  
ments have been made a pa t te rn  of  long term die ta ry  effects may develop. 
When more measure- 
The experiment with animals fed  the  three  d i e t s ,  each r i c h  i n  a d i f -  
fe ren t  bas ic  foods tuf f ,  f o r  four  weeks and then fas ted  f o r  a week w a s  con- 
' ducted a t  t h e  t i m e  of preparation of t h i s  repor t .  Unt i l  a l l  t h e  analyses 
are complete, we cannot i n t e rp re t  t he  e f f ec t  of these  d i e t s  on subsequent 
f a s t ing  . 
In  addi t ion t o  those d i e t s  mentioned above, another one, containing 
heptadecanoic acid as the  so l e  source of fa t  (Table I ) ,  &as studied.  
s t r a i g h t  chain f a t t y  acid which contains 17 carbon atoms w a s  added t o  the  
d i e t  i n  t h e  same concentration as the saturated fa t  used i n  d i e t  M.  It 
is of su f f i c i en t  length t o  d i r e c t l y  en ter  t he  lymphatic system (13 - 151, 
thereby, avoiding degradation i n  t h e  l i v e r .  
acids of i t s  type commercially avai lable .  Because of its cos t  w e  have con- 
ducted only a p i l o t  study of four  days feeding and seven days fas t ,  t o  ver- 
i f y  t h e  worth of t h i s  approach. 
are now completed. 
This 
It i s  a l so  one of the  f e w  f a t t y  
The preliminary s tudies  with t h i s  d i e t  
Feeding C17 f a t t y  acid c l ea r ly  changes the  f a t t y  acid composition 
of a l l  t i s s u e s  examined, even though it w a s  fed  f o r  only four  days (Table 
11). 
composition of the d i e t  as markedly a s  animals fed p l a s t ine  for 4-6 weeks. 
However, l iver does show a s ign i f i can t  r ise i n  i t s  content of t h i s  unique 
acid.  We believe these  differences i n  the  d i s t r ibu t ion  of t he  f a t t y  acid 
The changes i n  epididymal adipose t i s s u e  do not reflect the  f a t t y  acid 
i n t o  fa t  s to re s  of animals fed the  M and C17 d i e t s  a r e  p a r t i a l l y  due t o  
-7- 
' 1  length of t h e  feeding period and pa r t ly  ' t o  the  fact t h a t  t h e  odd carbon 
chain f a t t y  acid'was fed as t h e  f a t t y  acid r a t h e r  than as t r ig lycer ide .  
Future experiments are plaqned i n  which C17 w i l l  be fed f o r  long periods 
of t i m e  as t he  t r i g lyce r ide  as w e l l  as the  f r e e  acid.  
I 
I 
A t  t h i s  t i m e ,  t h e  only r e s u l t s  ava i lab le  with fas ted  animals a r e  those 
with rats previously fed  heptadecanoic acid.  
t he  metabolic response of these animals t o  those fed  t h e  other  d i e t s  and 
then f a s t e d . '  However, it is  va l id  and worthwhile t o  compare the  fas ted  
Therefore, w e  cannot, compare 
ones with t h e i r  counterparts f ed  heptadecanoic acid.  The r e s u l t s  ind ica te  
t h a t ,  during f a s t ing ,  f a t t y  acid synthesis from acetate was decreased. 
The a c t i v i t y  of many hepatic enzymes was decreased, especial ly  malic enzyme, 
citrate lyase and t o t a l  hexokinase (Table 11) .  
has been reported previously. 
Such a response t o  f a s t ing  
I 
In  t h i s  case, the  change i n  a c t i v i t y  of malic 
enzyme and c i t r a t e  lyase may be r e l a t ed  t o  the  decrease i n  l ipogenesis.  
It is in t e re s t ing  t h a t  adipose t i s s u e  did not  p a r a l l e l  t he  response 
Metabolic a c t i v i t y  of t h i s  t i s s u e  was ac tua l ly  grea te r  after 
Oxidation of ace ta te  and l ipogenesis were both markedly increased 
of l i v e r .  
t he  fast, 
by f a s t ing .  
increase i n  the  two enzymes of the  pentose phosphate cycle ,  ( the  source of 
TPNH f o r  f a t t y  acid synthesis)  w a s  a l so  observed. 
the a c t i v i t i e s  of malic enzyme and citrate lyase,  two enzymes supposedly 
I 
As 2, r e s u l t  of t h i s  type of d ie ta ry  manipulation a marked 
In  t h i s  t i s s u e ,  however, 
r e l a t ed  t o  l ipogenesis,  were e i t h e r  lower or t he  same a t  the  end of the  
fast than a t  t h e a s t a r t .  
genesis and the  a c t i v i t i e s  of malic enzyme andc i t r a t e  lyase do not 
p a r a l l e l  each o ther .  
Thus, i n  contrast  t o  the  s i t ua t ion  i n  l i v e r ,  l ipo-  
% 
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~t first  glanc 
the  d i e t  contai  
e response of adipos ssve in,  f a s t i n g  rats pre- 
disadvantageous t o  survi-  
en t s  during f a s t i n g  would 
is and oxidative reac t ions  i n  
changes bbserved may be re- 
i n  f a t ,  a s i t ua t ion  inh ib i t -  
nhibi t ion t o  the  d e t r i -  
reviously fed the  other  
I 
va l ,  Efficient u t i l i z a t i o n  ,,bf t h e  l imited 
i I ! 
o r  a shuting'  do& 
ra the r  than an i 
I 1  
i 
as t ing  may have release 
The response of f a s t e  
! 
1 
I 
d with i n t e r e s t ,  ~ 
The a c t i v i t y  of hepat ic  pyruvate carb e w a s  two-f old , higher 
Suah a response is 
I 
i n  the  fas ted  animals than i n  the  C17 fed animals. 
expected, i f  t h i s  enzyme is rate determining i n  glucose formation. 
s I 
Indeed, 
I 
t i o n  f r s m  a lanine was increased the  l i v e r s  of t h e  fas ted  
ra ts ,  The a c t i v i t y  of pyruvic carboxylase remained unchanged. This sur- 
pr i s ing  response ' ind ica tes  t h a t  under the  conditions of our study , t h i s  
enzyme while par t ic ipa t ing  i n  the  gluconeogenic process does not cont ro l  
i i  
the  rate of glucose formation. ! I 
I 
sea reduced the  amount o f ' f a t  i n  t h e  animal, and a l s o  
' s i t i o n  of both l i v e r  and adtpose t i s s u e  (Table 
I 
t 
I 
I 
asma glucose and c ids  i n  these 
compared t o  normal valu 
l s  were on a high f a t  
i n  the  litera- 
concentrat ion  
I* 
onged f a s t ing  (Table ' I V )  . 
r d i e t s  w i l l  respond, it appearsrthat s to re s  
Wfiile, we cannot 
I 
I 
I 
I 8 
o f  fa t  containing f a t t y  acids  which w i l l  provide glucose precursors as 
-9- 
w e l l  as usable energy during t h e i r  oxidation w i l l  p ro tec t  an animal from 
fas t ing  hypoglycemia. 
l i v e r  glycogen. Glycogen was 1 .4  percent of l i v e r  weight i n  the  fed ani-  
m a l ,  whereas the  l i v e r  of t h e  fas ted  animals was depleted of a l l  glycogen 
(Table IV). 
Feeding the  C17 d i e t ,  however, did not preserve 
Whether or not a l l  changes observed i n  t h e  C17 study are less severe 
because odd carbon chain f a t t y  acids were present i n  the  fa t  s to re s  must 
w a i t  on t h e  r e s u l t s  of our more complete study. 
SIGNIFICANCE OF THIS STUDY 
Our findings t h a t  d i e t  can a f f ec t  body composition and enzymatic acti-  
v i t y  make d ie ta ry  h is tory  a f ac to r  t o  be considered i n  subjects  l i k e l y  
t o  experience metabolic stress. 
18) and of Smith's group (19) would indicate  t h a t  abnormal g rav i t a t iona l  
forces  produce such s t r e s s .  
opportunity t o  determine the importance of d ie ta ry  h is tory  i n  the  a b i l i t y  
t o  withstand a s t r e s s .  
d ie ta ry  conditions necessary t o  minimize n u t r i t i o n a l  stress. 
h is tory  does appear t o  be a s ign i f i can t  f ac to r ,  and at t h i s  s tage  it does, 
c l ea r ly  it would be valuable t o  carry out similar s tudies  i n  animals under- 
going the  stress of chronic accelerat ion and of weightlessness. 
The r e s u l t s  of Fe l l e r  and co-workers (17, 
Our study of the f a s t ing  s ta te  provides an 
It w i l l  a l so  provide information f o r  se lec t ing  
If d ie ta ry  
D&-tocopherol ac id  succinate (890 IU/gm), 0.675; menadione sodium 
b i s u l f i t e ,  0,,002; thiamine hydrochloride, 0.0125; r ibo f l av in ,  0.025; 
pyridoxine hydroyhloride , 0.012 ; niacinamide, 0.15 ; calcium pantothei 
0.08; vitamin D 1 (0.1% i n  g e l a t i n ) ,  0.005; f o l i c  ac id ,  0.005. , , '  12 
l a t e ,  
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TABLE I1 
METABOLIC ACTIVITY OF LIVER AND ADIPOSE TISSUE BEFORE AND AFTER 
A 7-DAY FAST OF RATS FED A DIET CONTAINING 
HEPTADECANOIC ACID AS THE SOLE SOURCE OF FAT 
Enzymatic activity: In liver: 
(urn/@ Protein/min) 
Hexokinase 
Glucose-6-P dehydrogenase 
6-P-gluconate dehydrogenase 
Malic enzyme 
Citrate lyase 
Pyruvic carboxylase 
Pyruvic carboxykinase 
In adipose tissue: 
Hexokinase c- 
Glucose-6-P dehydrogenase 
6-P-gluconate dehydrogenase 
Malic enzyme 
Citrate lyase 
Biosynthetic capacity1: In liver: 
(pm/gm Tissuel3 hrs) 
C02 from alanine 
Glucose from alanine 
Fatty acid from acetate 
In adipose tissue: 
C02 from acetate 
Fatty acid from acetate 
Fed 
27.4 
24.8 
16.8 
19.0 
4.3 
48.8 
9.2 
44.4 
2.2 
4.4 
22.2 
1.8 
26.4 
3.2 
1.2 
1.5 
0.2 
Fasted 
12.9 
27.8 
18.9 
4.3 
0.9 
44.0 
19.8 
43.8 
24.0 
9.2 
2.5 
2.2 
55.8 
7.0 
0.12 
22.1 
2.8 
1. Incorporation of tracer substrate. 
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T r e a t m e n t  
Fed 
Fasted 
TABLE I V  
C o n c e n t r a t i o n  i n  P l a s m a  of :  
G l u c o s e  Fat ty  A c i d s  H e p a t i c  G l y c o g e n  
( m g / l O O  m l )  (@q/L) ( % I  
14 0 1009 1.4 
114 1105 0 
CONCENTRATION O F  PLASMA GLUCOSE AND FREE FATTY A C I D S  AND O F  
H E P A T I C  GLYCOGEN BEFORE AND AFTER A 7-DAY F A S T  FROM R A T S  
F E D  A D I E T  CONTAINING HEPTADECANOIC A C I D  A S  
THE S O L E  SOURCE O F  FAT 
-14- 
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